This paper presents the results of a web survey sent to all known U.S. engineering instructors who are currently or have recently taught a biomechanics course. Survey questions addressed: Course (student) demographics, instructor experience, course structure, resource material (including textbooks), satisfaction with course material, and topics covered within the biomechanics course. Results indicate that there is tremendous diversity in terms of primary course material used to teach engineering biomechanics, with over 23% of respondents not using any formal textbook at all (i.e., using custom course material) and 83% of the respondents augmenting their primary textbook with additional material.
Introduction
Although pioneering work in biomechanics dates back centuries, formal biomechanics instruction has only been a part of modem university education for the last several decades. Indeed, most biomechanics courses have arisen ad hoc based on the research experiences of a single faculty member. Anecdotally, teaching methods for biomechanics courses vary substantially based on institution. This concept is supported by a Whitaker Foundation survey concerning biomechanics instruction in the United States 1 . The study indicated that that at that time, the core topics in biomechanics instruction were statics, dynamics, strength of materials, and biotransport phenomena. It was suggested that imaging and computational biomechanics should be included with this "core" of biomechanics. This study also indicated that there was a developing paradigm shift in curricula towards including more cellular and molecular based topics. In general, the biomechanics instruction at U.S. institutions at the time was mainly based on faculty interests and composition. Since that time, the literature concerning biomechanics Page 26.1446.2 instruction has been largely with the development of pedagogical tools for active learning and student engagement within particular courses [2] [3] [4] . It is of interest to the engineering education community to identify common practices, instructional techniques, and course materials that are currently being used. This knowledge may lead to identification of gaps in available resource materials that could be filled through collaborative efforts by the biomechanics community.
This objective of the present work was to identify the current "state of the practice" in terms of undergraduate engineering biomechanics education.
Methods
The proposed research utilized a web survey (Qualtrics survey) to query all known US engineering instructors who are currently or have recently taught an engineering biomechanics course, which is a course taught as part of an engineering department curriculum. Instructor contact information was obtained based on openly available course information gleaned from U.S. University websites. Additionally, the survey link was posted to the e-mail group listservers for the biomedical engineering section of the American Society of Engineering Educators (ASEE), as well as, the Biomch-L e-mail listserver. From these sources, we identified approximately 90 faculty members that were included in the e-mail solicitation to participate in the proposed research.
The survey questions addressed course (student) demographics, instructor experience, course structure, resource material (including textbooks), satisfaction with course material, and topics covered within the course. No identifying information was collected. The study was classified as "exempt" following review by our Institutional Review Board.
The levels of the different categories, times taught, class level, etc., were compared using Analysis of variance (ANOVA). Following the ANOVA a post-hoc Tukey test was performed to compare pairwise differences in the levels of the particular variable of interest. Kendall's Tau Rank Correlation test was used to determine correlations between research areas and course topics included in biomechanics courses. The dependent variables used in the analysis were the Likert scale variables relative to inclusion of the topic of interest. The significance level for all analyses was set at 0.05.
Results

Instructor Experience and Demographics
We received 48 responses from 44 unique IP addresses, of which 35 respondents fully completed the survey. The average response time for the survey was 15 minutes with a median response time of 12 minutes. Of the respondents, 76% had taught their biomechanics class at least 2 times, with 44% having taught their biomechanics over 5 times. Over 85% of the respondents Page 26.1446.3 indicated that conducting research was part of their professional responsibilities. The research topics of these instructors are indicated in Figure 1 .
Student demographics
Survey respondents were asked to provide basic demographical information on the students in their biomechanics class. Based on their responses, only a small fraction of biomechanics classes included Freshmen (3%) or Sophomores (22%). Most of biomechanics education is reaching upper level undergraduate students (46% of classes included Juniors, 55% included Seniors) with first year graduate students comprising the next largest population (38% of classes). A large majority (70%) of instructor respondents indicated that their biomechanics course was a required part of the curriculum as opposed to an elective.
Figure 1. Research topics of biomechanics instructors
The survey was specifically targeted towards engineering educators (i.e., biomechanics courses being taught from engineering departments). Thus, it was not surprising that the composition of the instructor respondents' classes was primarily engineers. 35% of classes included Mechanical Engineering students, 84% included Biomedical Engineering students, 11% included Exercise Science students, and 5% included students from other majors besides those listed above.
Course Structure
The majority of the respondents (58%) stated that the average enrollment in their biomechanics class was over 41 students in size. Only 22% of respondents indicated that their average class size was less than 20 students. Over 83% of biomechanics classes were categorized as having 3 in-class lecture hours per week. Most respondents (69%) indicated that their students had some kind of biomechanics laboratory experience. However, the cumulative laboratory hours associated with biomechanics instruction was relatively modest (Figure 2 ). Figure 2 . Instructor reported laboratory hours in biomechanics during the semester. Note that this includes both laboratory hours directly associated with the biomechanics class, as well as laboratory hours required by the curriculum but not directly associated with the class.
Textbook
There was no clear consensus on a primary textbook used in biomechanics courses. The most popular textbook was only used by 11% of respondents. 83% of respondents either required more than one textbook or used custom course materials (journal articles, custom PowerPoints, videos, software, etc.) to supplement their primary textbook. Custom course materials play a significant role in biomechanics education. Over 23% of respondents used custom course material as their primary "textbook" and an additional 33% used custom course material to supplement their course.
Most of the respondents were unsatisfied with the textbooks available for biomechanics ( Figure  3) . None of the mean scores for any textbook category exceeded a "Neutral" rating (4.0) on a 7 point scale between "Extremely dissatisfied" (1.0) and "Extremely satisfied" (7.0). Based on the instructor responses, the available texts have a low cost/benefit ratio for students, do not contain helpful homework problems, software examples, or laboratory exercises, and do not adequately cover the topics that the instructor would like to teach. The highest mean score for textbook was in "Appropriate writing level for the class you teach", which averaged a 3.71/7.0 (stdev 1.64).
The lowest mean score for textbook was in "Helpful laboratory exercises", which averaged a 1.56/7.0 (stdev 1.59). Page 26.1446.5 Figure 3 : Responses to textbook satisfaction where 7 represents "extremely satisfied" and 1 represents "extremely dissatisfied." A rating of 4.0 represents a "Neutral" rating.
Course Topic Coverage
Topics from Soft Tissue Mechanics (Figure 4 ), Orthopaedic Biomechanics, Bone Mechanics, and Tissue Remodeling were most highly represented among current biomechanics courses, with each receiving an inclusion rate of over 80%. In particular, some specific subtopics, such as viscoelasticity, were included in over 90% of the surveyed courses (see Appendix Several topics covered in the courses were, as expected, dependent on the level/department of the students enrolled within the class, i.e. Graduate students versus Lower Division Undergraduates or bioengineering students versus exercise science students (Table 1) . We did not specifically exclude doctoral level classes, and respondents indicated that "advanced undergraduate students" were included in 14% of courses. However, only 1 respondent indicated that their course was comprised exclusively of doctoral level students, thus our statistical analysis lumped all graduate courses together. Similarly, we lumped lower division undergraduates (Freshmen, Sophomores) together and upper division undergraduates together (Juniors, Seniors) to increase the resolving power of our statistical analysis. The p-values in Table 1 demonstrate the statistically significant results from our analysis. For example, Soft Tissue Mechanics course materials were common in graduate classes, but rarely presented to lower division undergraduate students.
There was a significant correlation between the current research of the respondents and the included topics in their engineering biomechanics courses (Kendall's Tau Rank Correlation test, p=0.0088); for example, compare Figures 1 and 4 . Many respondents directly or peripherally do research in bone mechanics (58%) or have had training in this topic (47%) and include bone mechanics topics in their biomechanics courses (88%). Statistically significant deviations from the correlation are highlighted in Table 2 . Notable outliers were seen in the areas of kinesiology Page 26.1446.7
(81% inclusion rate, but only a 33% current research or 28% training research relationship), skeletal mechanics (78% inclusion rate, but only a 31% research relationship), and Medical Imaging & Mechanics (34% inclusion rate, with a 56% research relationship). 
Additional Insights
There was a large variation between the course topic coverage between respondents. Six core topics were covered in over 80% of biomechanics courses (Orthopaedic Biomechanics, Skeletal Muscle Mechanics, Tissue Remodeling, Soft Tissue Biomechanics, Bone Mechanics, and Kinesiology). However, based on a cluster analysis of the subtopics within those core topics, there was no consistent group of subtopics that were consistently chosen by instructors for inclusion in biomechanics course curriculum.
There was an 80% response rate to the open-response question, "In your opinion, what additional resources (if any) would be most helpful to you in teaching your biomechanics course?" The highest frequency responses were unexpectedly easy to categorize as: 1) a "better," more unified textbook (43%), 2) "meaningful" and descriptive laboratory experiments that can be accomplished using routine equipment (29%), and 3) sample and homework problems (21%).
Discussion
The current study reviewed responses from 37 instructor respondents regarding current biomechanics courses taught in engineering departments in the United States. One major finding showed that instructors are not happy with the available textbooks available and thus heavily supplement with other course materials or forgo the use of a textbook entirely. There was tremendous diversity in terms of primary course material used to teach engineering Page 26.1446.9 biomechanics, with over 23% of respondents not using any formal textbook at all (i.e., using custom course material) and 33% of the respondents using basic mechanics textbooks that contain no biomechanical content. A large majority (78%) of respondents also indicated that they utilized secondary course material consisting of selections from other textbooks and articles from the primary literature. However, the topics, intended audience, and associated content (homework problems, lab exercises, and available lecture materials) vary widely and from personal experience are insufficient for building an effective class. Our personal experience, combined with anecdotal conversations with other engineering biomechanics instructors, leads us to believe that faculty use an ad hoc combination of textbooks, course packets, and personally developed (but not disseminated) lecture notes, lecture slides, and homework problems to teach from. Lab experiences tend to be "homegrown", but provide substantial benefit for students that could potentially be increased through sharing of ideas.
Core topics covered in current biomechanics instruction include bone, soft tissue, muscle and orthopaedic mechanics, with additional coverage of kinesiology and tissue remodeling topics. These topics are very similar to those described in the Whitaker Foundation study from 2000, which illustrated that "core" topics were based on statics, dynamics, and strength of materials concepts. In contrast, the Whitaker Study reported that biotransport phenomena were a major topic of study, which was not seen in the current study, (e.g., biofluids, vascular mechanics, and respiratory mechanics were not well covered in current biomechanics curricula). There was general inclusion of cellular mechanics topics, such as cellular architecture (60%) and constitutive properties (45%) as was predicted by the Whitaker study. However medical imaging topics remained largely excluded from the current biomechanics courses. The current study did not address whether particular topics, such as biotransport phenomena, are covered in other areas within a general bioengineering curricula and are less likely to be included in biomechanics courses.
A conversation among those instructors who teach biomechanics courses within the U.S. is needed. Discussion of a general range of topics to be covered within biomechanics that broadly reflects both fundamental topics and current research areas is needed. In addition, formal conversations with industry regarding biomechanics knowledge use in the workplace would be beneficial in terms of identifying their needs with regards to biomechanics instruction.
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